The paper presents a novel sensorized skin insole based on tactile capacitive technology. The insole prototype provides information such as pressure distribution, contact force and moments, center of pressure. These variables require an accurate calibration procedure to retrieve the relationship between the measured capacitance and the corresponding applied pressure. A calibration technique is here proposed and validated by exploiting a pair of shoes equipped with force/torque sensors. The validation analysis shows that the quantities estimated by the skin insoles match data measured by the force/torque sensors. Further, an example of real application for using skin insoles is presented for a gait analysis.
Introduction
Tactile sensing has taken a very important role in the robotics field as it allows to have information about contact based interactions of robots with unknown external environments or other robots or humans and for tracking human motion [23] . Indeed, contacts information are strategic for implementing safe human-robot interactions [28] , for robots acting in unknown environments, and for developing accurate grasping and manipulation tasks [35] . Tactile sensors can also be embedded into wearable devices for providing feedback on human movements in medical field, like health monitoring, or human-robot collaborative tasks. Wearable devices have become very popular as they can be extremely useful in providing accurate and reliable information on human activities and behaviours [12, 25] . A popular application, e.g., is the gait analysis that can be fundamental, for instance, for assessment of gait pathologies [15, 34] or for helping athletes to gain a high level of performance and minimising the risk of injuries [30, 31, 29] . like in balancing, or posture and gait analysis. The drawbacks of these kind of sensors are the high weight, the lack of portability, the high encumbrance and the high cost.
Recently, sensorized shoes are gaining popularity because of the possibility to provide gait information outside the laboratory environment. Sensorized shoes can be equipped with accelerometers, gyroscopes, force/torque (FT) sensors, bend sensors or pressure sensors. These shoes can retrieve the ground reaction forces and the Center of Pressure (CoP) with good accuracy. Even if such technologies are less expensive than the previously mentioned, the cost remains still high. Furthermore, they are not so comfortable for walking, since the presence of those sensors makes the shoes more rigid and heavy [3, 8, 32, 33] . In addition, all these devices do not provide the possibility of having a distributed pressure measurement over the surface of the foot.
An alternative approach consists in designing insoles with a set of sensors able to provide measurements of the feet pressure distribution. Those measurements can be achieved using force sensing resistors, capacitive or piezoelectric sensors, and covering at least the lateral and medial heel, metatarsal heads and the toe footprint locations. Besides being highly portable and more comfortable compared to other wearable technologies, the trade-off is that they provide less precise measurements and typically cannot measure, or estimate, the horizontal ground reaction forces. In the last years several prototypes of insoles based on different sensing technologies have been developed [36, 31, 16] , but each of them presents some weaknesses that limit their use. For instance, the number of used pressure sensors is often small and the sensors do not cover the whole area of the foot. This does not allow to retrieve quantities like total force or total moments acting on the ground, but just a partial measurement of the force distribution. Moreover, sensors need to be calibrated several times because their models are very sensitive to the usage time and to the weight of the person, and the calibration is time consuming.
One example of sensorized insoles consists of four force-sensitive resistors and a 9-Degree-of-Freedom inertial measurement unit [13] . The sensors do not cover the entire surface of the insole, thus they provide information about gait events but they do not allow the estimation of the CoP and pressure distribution. Then, the calibration is required every time a new subject wears the insole. Another prototype is based on hydrocells to perform pressure detection [5] . It does not provide information about the ground reaction force. One other example of insole design consists of transduction units that cover all the sensing area to allow an accurate estimation of the CoP and the vertical ground reaction force [9] . In general, these prototypes require calibration procedures which determine the measurement accuracy and the calibration is performed una tantum. Conversely, one single model is adopted for all sensors and this causes less accurate estimations of the CoP and ground reaction force.
In this paper, we present a new sensorized insole prototype based on the tactile sensors technology already used on the iCub humanoid robot platform [26] . Our main contributions are the design and calibration of a sensorized insole with wide sensing area, and with accuracy comparable to commercial FT sensors. The prototype uses capacitive transducers, i.e., taxels, grouped onto modular sensors, and separated micro-controller boards (MTBs) that drive the data acquisition [6] . In order to enable the capacitive sensors to detect the contact points and estimate the forces applied, we have designed a calibration procedure. Starting from a calibration technique proposed for the same skin sensor technology in previous work [18] , we propose an advancement to overcome the load limitation affecting it. The new calibration method allows the calibration of sensorized skin working under the weight of human subjects, and indeed the application as shoe insoles. Based on the previous work, the measurements are further improved by using interpolation techniques between taxels [7] . Thanks to the calibration, the insole is capable of providing CoP measurements, pressure distribution over the whole foot and vertical ground reaction forces as well as the moments related to such forces. The resulting prototype provides a more comfortable and cost effective way of gathering gait information in a wider rage of scenarios outside the laboratory environment.
The paper is organised as follows. Section 2 describes the technology used for building the sensorized skin of iCub humanoid robot, the mathematical model for sensors and the methods already developed for calibrating capacitive sensors. Section 3 focuses on the skin insole prototype description and on its calibration. Section 4 presents calibration and validation results and one possible application of skin insoles. Section 5 contains a short summary of the paper, the main advantages of using this kind of skin insole, and future perspectives.
Background

Mathematical Notation
• Let R be the set of real numbers.
• Let x ∈ R n denote a n-dimensional column vector, while x denotes a scalar quantity 1 .
• Let ||x|| be the Euclidean norm of the vector x.
• The notation 0 m×n represents the zero matrix ∈ R m×n .
• Let f z , m x and m y denote the vertical ground reaction force and the moments around the horizontal axes, respectively.
• Let x i ∈ R denote a variable referred to the i-th sensor.
Tactile sensors
The device proposed in this paper is based on the same technology used for the skin of the iCub humanoid robot [6] . The iCub skin ( Figure 1a ) is an array of capacitive pressure sensors composed by flexible Printed Circuit Boards (PCB) with a triangular shape, each containing 12 capacitive sensors (taxels) with a circular shape ( Figure 1b ). 10 sensors are used to measure the change in capacitance on the PCB and 2 sensors are used for drift and temperature compensation. The triangles, on the other side, contain integrated capacitance to digital converter circuits (CDC). The skin provides a low spatial resolution of approximately 2 taxels/cm 2 (transducer area is of about 25 cm 2 ). A deformable, conductive dielectric ground plane covers the sensors. When it is pressed, the distance between them decreases causing a change in capacitance,i.e., the closer the skin, the higher the variation (Figure 1c ). Since triangles can be used in cascade, three communication ports placed along the sides of the sensors (one for the input from an adjacent sensor, and the others as outputs toward adjacent sensors) allow interconnecting up to 16 sensors without using cables. The measurements are sent, via 4 serial bus communication links, to a MTB which, in turn, sends the digital capacitances measurements to a host using a CAN bus with a frequency of 50 Hz (Figure 1d ). The scheme of the skin is shown in Figure 2 . 
A Mathematical Model for Taxels
By construction, the behaviour of the taxels along with the skin can be approximated as a parallel plate capacitor described by [14] :
where C a is the analog capacitance, 0 is the permittivity of the air, r is the permittivity of the dielectric medium used between ground plane and taxels, A is the area of the taxels (equal for all taxels) and d is the distance between the skin and taxels. The values of the variables r and d vary with the pressure.
Since the skin can be represented as a set of parallel springs connecting the ground plane and the sensors plane, the behaviour can be described with the Hooke's law [4] , i.e.,
where k is the stiffness of the skin and d 0 is the distance between the skin and the taxels, at rest conditions. Since the skin is flat, we consider only the force perpendicular to it. The force can be also expressed in terms of differential pressure. By assuming that the pressure is constant over the area of the sensor, the force is given by:
By substituting (2) and (3) in (1), we can write the capacitance as:
The analog capacitance is converted into the digital one using 8 bits and a linear law, such as
where C a,0 represents the analog capacitance at rest conditions, C a,max is the maximum analog capacitance that can be measured by the sensor, C d is the digital capacitance sent by the MTB and C d,0 is the digital capacitance at rest conditions and is set to 240. It is worth noting that the digital capacitance varies from 240 (rest condition) to 0 (maximum pressure). The value at rest condition is not set to 255 in order to use the remaining 15 digital values for modelling the hysteresis phenomenon.
By substituting (5) in (4), the exerted pressure on each sensor can be expressed as a function of the measured digital capacitance: The expression of the pressure in (6) depends on i) the measured digital capacitance and ii) unknown quantities, i.e., d 0 , k, r and (∆C a ) max , respectively. Three of these quantities (d 0 , k and r ) not only vary with the pressure, but are dynamic variables that depend on time.
Skin Calibration
The method proposed for calibrating the skin of iCub consists of inserting the skin in a vacuum bag and then decreasing the pressure in the bag to create a uniform pressure distribution on the skin surface [18] . The pressure is measured thanks to a pressure sensor connected to the pump and to the MTB. The values of capacitance measured for each sensor are then related to the applied differential pressure using a least square fitting. The relationship between the pressure and the capacitance C i , recalling that i refers to the i-th taxel, is approximated with a 5-th order polynomial:
This method limits the calibration to a pressure of 1 Atm. To overcome this problem, another method has been proposed [17] . The key idea is to insert the skin inside a plenum chamber and to apply a pressure with an air pump. A MTB is used to command the pressure regulator connected to the pump.
Contribution
Skin Insole Prototype
In this paper we propose a novel sensorized insole prototype based on the tactile capacitive technology presented in Section 2.2 ( Figure 3a ). The skin insole is mainly composed by 4 elements: the support, the electronics, the skin dielectric and the MTBs. The support is an element not present in the iCub skin as it is glued on the iCub cover. In our case, the electronic components are not directly glued on the internal base of the shoe, but on a dedicated support. This choice comes from the fact that the insole is continuously subject to stress due to foot steps and high pressures, but at the same time the electronic components are very fragile and need to be protected. The support is a 3D printed plastic of 3 mm thick ( Figure 3c ) with holes to accommodate the CDC (Figure 3b ). The electronics of each insole are composed of 28 triangles, divided into three patches highlighted in Figure 3b : front in green, middle in red and rear in blue. Each patch is connected to a different MTB. The MTBs are connected in series and they send information to the host connected to the insoles through CAN-bus interface. A total of 280 capacitive-pressure sensors and 56 capacitive-temperature sensors are available on each insole. The electronics are covered by the same dielectric used for the iCub skin.
Experiments for New Calibration Method
As done in previous works [2] , we are here interested in estimating the pressure distribution, contact forces and moments using only our skin insole prototype. For doing this, the calibration plays a very important role. The calibration methods proposed in Section 2.4 have two main drawbacks and cannot be used for the calibration of our skin prototype.
1) The vacuum bag setup can reach a maximum pressure of 1 Atm. The pressure applied on the skin insole can reach 8 Atm. If the data used for the calibration reach 1 Atm, we are not able to characterise the sensors model for higher pressures. 2) Even if the calibration setup can reach higher pressures, it is not big enough for holding the proposed skin insole.
Therefore, we need to introduce a new calibration method that combines the presented vacuum bag setup and a new technique. The latter allows us to overcome the limits of the vacuum bag. It consists in using shoes equipped of FT sensors and in which the insoles are placed. In this way, during the experiments we can acquire simultaneously data coming from both sensors.
Even if the vacuum bag does not allow to reach pressures higher than 1 Atm, it is worth considering contributions of both methods since they excite the sensors of the skin insole in different ways. The vacuum bag induces a uniform pressure over the entire insole, while wearing the sensorized shoes allow to apply non-predictive pressure distributions, exciting sensors in several combinations. For calibrating the skin insole, the idea is comparing measures of accurate sensors (pressure sensor and FT sensors) with the quantities estimated from the capacitances measured by the skin insole. The quantities considered are: pressure, vertical ground reaction force and moments around horizontal axes.
Parameters Identification of Mathematical Model for Insole Calibration
The theoretical model of sensors described in Section 2.3 considers ideal sensors behaviour and precise knowledge of quantities like the skin stiffness and the dielectric constant. In practice these values are not only difficult to estimate but they vary in time. A further problem is the presence of the hysteresis phenomenon that is not taken into account in formula (6) . We decided, therefore, to approximate sensors model with a 3-th order polynomial where the order is chosen on the base of the number of the unknown quantities: distance between the ground plane and sensors at rest condition d 0 , maximum range of analog capacitance (∆C a ) max , skin dielectric constant r and spring constant k. The model for the i-th taxel is given by:
The model is different for each sensor and the coefficients are estimated through the calibration procedure. It is possible to write each taxel model in a compact form:
where
T contains the powers of the capacitance and k i = [a 0,i a 1,i a 2,i a 3,i ] T contains the polynomial coefficients to estimate.
Since the resultant force and moments from the shoes and from the insoles have to be compared, it is necessary to retrieve their expression starting from the capacitances measured by the insoles. The resultant force acting on the skin insole is computed considering the force on each taxel:
where f SK ∈ R 3 , A is the taxels area that is equal for each taxel and it is a known quantity andn = [0 0 1] T is a unit vector to consider only the force along the vertical axis, as the insole is flat and it is not possible computing horizontal forces. For compactness in the formulation we can consider just the z component:
being f SK z ∈ R. By defining:
where n is the number of taxels that compose the insole and ϕ fz ∈ R 4n×1 , and
being k ∈ R 4n×1 , we can write the resultant force as:
Let X ∈ R n×n and Y ∈ R n×n denote the matrices containing the x and y coordinates of each taxel, respectively, such as
We can write the resultant moments as:
with m SK x ∈ R and m SK y ∈ R. The quantities ϕ fz , ϕ mx and ϕ my are different only if we consider different data set for each equation. If the data set is the same they will have the same values. If for each experiment we acquire a number of samples greater than the number of unknown coefficients,thus it is possible to define four over-determined systems, all in the form:
where Φ ∈ R m×4n is the regressor contining the capacitances powers measured by the taxels, k ∈ R 4n are the coefficients to estimate and b ∈ R m , with m 4n, containing the known quantities measured by the accurate sensors. In general, a problem in the form Φk = b can be solved through the least square method. Since in our case the contributions are more than one, we formulate the calibration problem as a weighted least squares optimisation problem, such as
∈ R mm y are measured by the FT sensors, P ∈ R m P is measured by the pressure sensor and they correspond to b in (17) . Instead, regressors are defined as below:
The problem can be written also in a quadratic programming problems form:
being
and
The presented quadratic programming problem is solved using the open-source C++ software package qpOASES [11] .
The main advantage here is the possibility to add constraints to our problem.
Theoretical Considerations for Robustifying the Calibration
There are several methods for having a better posed optimisation problem and, consequently, a more robust calibration. In our case, however, we do not have any control on the experiments and on the data that will be acquired, specially regarding the sensorized shoes. Having methods that ensures a better calibration is, therefore, very important. For each method the theoretical considerations are listed below.
• Use regularised least squares optimisation problem based on Tikhonov regularisation [27] :
• Add constraints on the shape of the taxels model. Indeed, we know that the relationship between capacitance and pressure is described by a monotonic function. Thus, we can add a constraint on the derivative of the pressure that must be always not negative:
with C i = 0, . . . , 255 and i = 1, . . . , n. • Filter calibration datasets to consider only slow varying data. The reason is that the FT sensors and the pressure sensor are more responsive to the force/moment/pressure changing with respect to the skin. This may cause a mismatch between the data of FT sensors and insoles or of pressure sensor and insoles and might affect the calibration results. • Filter singular values of regressors using truncated Singular Value Decomposition (SVD).
• Use weighted iterative least squares. The idea is to update weights of the least squares problem on the base of the cost function value at the previous iteration. • Use higher order polynomial.
• Add history dependency to modelling the hysteresis phenomena.
Experiments and Validation
Experiments for calibration and validation
The objective of the experiments is i) to collect the datasets needed for the calibration and ii) to test the goodness of the estimation algorithm. An experimental session has been carried out at the Istituto Italiano di Tecnologia (IIT), Genoa, Italy.
One dataset has been collected using the setup described in Section 2.4. The experiments with vacuum bag (Figure 4a ) reach a pressure of 90 KPa and the pressure is uniformly distributed over the insole. The experiment consists of three cycles of pressure reduction and increase.
For the dataset with the sensorized shoes, a pair of shoes developed at IIT has been used. Each shoe is equipped with two 6-axis FT sensors able to measure 6D wrenches (3 forces, 3 moments). As mentioned in Section 3.2, the datasets have different features in order to excite as more as possible the activation of the taxels to obtain different combination of activation and to cover the entire capacitance range of each sensor. For this reason, several tasks have been performed with the sensorized shoes (Figure 4b ), e.g., (T1) standing still on both the feet, (T2) standing still on one foot, (T3) performing slow movements on the feet (used for the calibration), (T4-T6) walking for a pre-determined duration (used for the validation). The pressure reached with these experiments is higher than the one applied on the insole using the vacuum bag (up to 800 KPa) and is not uniformly distributed ( Figure 5 ). Data have been processed and analysed with MATLAB R . 
Calibration Results
The calibration of the presented skin insole prototype (name insole version V0.0) did not give satisfying results, even using the presented methods for robustifying the calibration. Indeed, substituting the found polynomial coefficients in the taxels model, the quantities estimated through the insole measures did not track pressures, forces and moments references. Datasets used for calibration has been pre-processed in order to filter the acquisition noise. Thus, we introduced several improvements for counteract the weak points experienced with the first prototype (V0.0). The weakness are listed below.
1) The plastic support is too thin and this has as consequence that the plastic support breaks often when a very high weight is applied on the insole.
2) The electronics is not well protected and when the insole is pressed the the chips enter in contact with the shoe causing failures.
3) The insole has not negligible hysteresis issues due to the type of used dielectric that is too thin and not very elastic ( Figure 6 ).
4)
The type of dielectric does not allow to have a large dynamic because it reaches saturation very quickly. Figure 6 : Hysteresis issue that affects first insole prototype.
The design of new prototypes followed an iterative approach. A comparative table highlighting the pros and cons of each version is presented in the Table 1 . Different versions of the insoles are shown in Figure 7 .
Versions Pros Cons
V0.1 Thicker plastic support that protects more the electronics and is more robust against the stress caused by the pressure Thin dielectric that causes hysteresis and has small dynamic range. Too rigid support that is not so much flexible for walking V0.2 Thicker plastic support as V0.1 and thicker dielectric skin that has a different stiffness that reduces the hysteresis phenomenon and allows having a larger dynamic range
Too rigid support that is not so much flexible for walking V0.3 Thicker dielectric skin as V0.2 and support for the electronics built with a flexible and soft material comfortable for walking Soft support does not protect in a proper way the electronics causing failures The most robust and dependable insole is the version V0.2 because it breaks less and it gives more accurate and dependable measurements. Thus, calibration and validation have been done with this version. The results that are described in the next paragraph are about the left insole. For the formulation of the calibration problem, we used the regularisation in (26) and the filtering of the calibration dataset in order to use only slow varying data. The least square weights have been chosen as: w fz = 1/#samples, w mx = 33/#samples, w my = 10/#samples and w Pi = 10 −6 /#samples, with i = 1, . . . , n. The regularisation coefficients, instead, has been set to 10 −9 . The highest force and moment reached are |f z | = 650N , |m x | = 25N m and |m y | = 90N m.
Validation
The validation consists in comparing data measured by the FT sensors mounted on the sensorized shoes in which the insoles are placed and data estimated with the calibrated skin insoles starting from the measured capacitances and using formulas (10) and (16) . The validation has been performed in MATLAB and using acquisitions both offline and online. For validation, offline datasets has been pre-processed in order to filter the acquisition noise, instead online data are used without filtering. Figure 8b refers to a dataset processed offline and shows the vertical ground reaction force measured by the left shoe and estimated by the calibrated left skin insole. The red and green areas correspond to the left foot contact and the right foot contact during a gait task, respectively (Figure 8a) . The plot highlights a good tracking of the estimated forces. The goodness of the calibration has been evaluated by investigating the Root Mean Square Error (RMSE) for different tasks ( Table 2) . Figure 8b highlight that the estimation of force and moments is more accurate when the pressure variation over the insole is not much high. At steady state (see tasks T1 and T2), the error is very small. One reason is that the FT sensors measure the variation of those quantities instantaneously, while the skin of the insoles does not immediately get deformed when the pressure changes.
The calibration goodness can be analysed also by comparing the CoP estimated through the FT sensors and the insole. Figure 9 shows the components (x and y) of the CoP related to the Task T5 where it is easy to distinguish the left foot stance (i.e., contact with the ground) and the left foot swing (i.e., no contact). It is important to note that there is a small delay between the measurements of the FT sensors and those of the insoles due to the fact that the skin dielectric deformation is not instantaneous. Further, during the left foot swing, the FT sensors do not measure forces, while the skin insole provides pressure measurements because the foot is always in contact with it.
We developed a MATLAB-based tool for the online visualisation of the estimated pressure center, pressure distribution and estimated forces and moments as shown in Figure 10 . Here data are streamed to MATLAB through YARP [24] with a frequency of 50 Hz and they are not filtered. On the left-hand side, the figure shows the comparison between the pressure center estimated with the FT sensors and the one estimated with the skin insole. In the middle, vertical contact force and horizontal moments are estimated through the skin insole. On the right-hand side, the pressure distribution is computed with the calibrated insole.
Application and Results
After the calibration and the validation in Section 4.3, we consider a real application for the insoles, i.e., a gait scenario where a human subject has been equipped with i) a wearable motion tracking system and ii) the sensorized shoes with both the FT sensors and the insoles. Data have been recorded via a YARP-based framework for wearable sensors that allows to synchronously collect data coming from multiple sources (see open-source code available on Github repository, https://github.com/robotology-playground/wearables). The vertical contact force f z [N] and the moments m x , m y [Nm] have been here estimated by means of a probabilisticbased estimation tool. The Maximum-A-Posteriori (MAP) tool allows for the online monitoring and simultaneous estimation of the human kinematics and dynamics [20, 21] . The MAP estimation has been computed by considering two different sensor readings, i.e., the FT sensors (configuration C F T,M AP ) and the insoles (configuration C I,M AP ). Figure 11 shows the norm of the error between the quantities estimated via MAP in C F T,M AP and C I,M AP . The error is very small at steady state, but is big in the transition phase (walk steps) because of the delay due to the different type of sensors. (Figure 12 ) is almost comparable to the error in Figure 11 . This means that, even though with the skin insoles is not possible to estimate the horizontal contact forces f x and f y and the moment m z , they are negligible. Despite the results in Figures 11 and 12 are quite promising, the norm of error of the overall set of joint torques τ [Nm] between the MAP estimation in C F T,M AP and C I,M AP is very big, Figure 13 . This is due to several causes, e.g., the delay between C F T,M AP and C I,M AP , the missing filtering of the raw data, the non-perfect calibration. Figure 13 : Norm of the error of the overall set set of joint torques τ [Nm] between the Maximum-A-Posteriori (MAP) estimation with the force/torque (FT) sensors and the insoles, for the gait task (T6).
Conclusions
In this paper, we presented a novel skin insole prototype for real-time monitoring of plantar pressure distributions. Compared to previous existing devices, this prototype has some strengths. The measurements are not affected by temperature issues because of an internal compensation. The sensors cover almost the entire surface of the insole. For the surface not covered by sensors, an interpolation of the adjacent measurements is computed. The sensors are calibrated with a proved calibration procedure that allows to have an accurate estimation of the pressure distribution. The insole requires to be calibrated una tantum. Although we described some limitations and weakness of the prototype, we showed that the calibration of the insole gave good results and the estimated variables are quite reliable when compared to the measured ones,. We described also an example of real application of the designed sensorized skin insoles, demonstrating that it is possible to substitute the FT sensors without loosing too much accuracy.
Nevertheless, the proposed prototype can be improved in different ways. The hardware can be robustified to better protect the electronics, a wireless module can be use to remove cables, the PCB and the support for the electronics can be more stretchable and soft. Also the calibration can be improved with the additional proposed mathematical methods or by improving the accuracy of data collection procedure. For instance, a new device can be designed for calibration experiments, in order to reach higher pressures and control the pressure variation applied on the insole.
